Many food raw materials contain natural antioxidants which exert control of oxidative processes in the living cells. Among antioxidative agents are found enzymes such as superoxide dismutase, glutathione peroxidase and glucose oxidase-catalase. Among naturally occurring non-enzymic antioxidants are carotenoids, especially astaxanthin (e.g. in fish), tocopherols in oils and other phenolic compounds in plant material. Enzymic antioxidants are mostly inactivated in food processing but the non-enzymic ones can be active also in heat-treated food and might also be active after consumption of the food, as is claimed with P-carotene, and vitamins A and E. Vitamin C is a generally reducing substance which acts synergistically with other antioxidants.
i Introduction
Lipids and some lipid-soluble substances in foods (including fats, oils, monoand di-acylglycerols, sterols, fat-soluble vitamins, phospholipids, flavours, aromas, etc.) may spontaneously react with atmospheric oxygen and lead to deterioration of foods. The autoxidation of lipids, which exist in most foods derived from plants or animals, may be the primary cause of reduction in food quality, affecting colour, aroma, taste, nutritive value, texture, consistency and functionality [I] .
Antioxidation is consequently of decisive importance to the storage and shelf-life of foods, and antioxidants are the most effective inhibitors of autoxidation of fats and fatty foods. This paper emphasizes the mechanisms of antioxidant activity and antioxidant systems in raw materials and food processing.
The mechanism of lipid autoxidation Free radicals and radical reactions
A free radical is defined as any compound containing one or more unpaired electrons. Therefore, it can donate its unpaired electron to another molecule or take one electron from another molecule. A free radical reaction is usually a chain reaction; one radical begets another radical and so on. Most biological molecules are non-radicals containing only paired electrons [2, 3] .
Autoxidation of lipids
A lipid molecule is usually not a radical. The reaction between lipids and molecular oxygen is induced by the intervention of initiators which can convert lipid molecules to active species. Some important initiators are listed in Table 1 The autoxidation process can be divided into three stages: initiation, propagation and termination. The primary products of autoxidation, hydroperoxides formed in the initiation reaction, readily undergo further decomposition and convert into various free radicals, which results in a variety of possible reactions and products. Therefore, lipid autoxidation is part of the radical chain reaction. When radical species are converted into non-radicals, the reactions may terminate.
The primary oxidation products, hydroperoxides, have no objectionable effect on the flavour and quality of foods, but the secondary oxidation products of the propagation reactions cause food rancidity [ 1,3,7-91. [4-61.
Factors that affect autoxidation of lipids
Lipid oxidation is affected by many promoting and inhibiting factors (Table Lipid autoxidation in raw materials or processed foods is largely dependent on the composition of the lipid, particularly on the proportion of unsaturated fatty acids, which are much more susceptible to oxidation than their saturated analogues 2) [1,10-131. To reduce lipid autoxidation, it is necessary to control conditions and substances that promote oxidation. This can be done in the following ways:
(1) Eliminating oxygen as far as possible and keeping oxygen uptake at a low level during manufacture and storage of foods. For example, the selection of appropriate containers and packing materials, and the use of vacuum packaging techniques can reduce the oxygen uptake of processed foods [14, 15] . Photosensitizers (such as phytin pigments, FD & C red No. 3) may convert the triplet oxygen usually found in the substrate to singlet oxygen, the reaction rate of which is about 1000 times greater [17, 18] . In order to eliminate these oxidation activators, good quality raw materials, packaging materials and appropriate processing techniques should be selected in the manufacture of foods.
(3) Minimizing exogenous promoting factors. At an elevated temperature, the rate of oxidative decomposition of lipids (particularly unsaturated lipids) rapidly increases. Light, especially UV radiation, is another major promoter of lipid autoxidation. Thus, food storage under cool, dark conditions is necessary for the prevention of food rancidity [ 191. (4) Utilizing antioxidants. Antioxidants play a major role in inhibiting autoxidation of lipids in foods. Their role is detailed in the following section.
Mechanisms of antioxidant action
Antioxidants are those substances which can delay, retard or prevent the oxidation process in storage of raw materials or in food processing. Antioxidants are classified into two groups, according to the mechanism by which they prevent or retard oxidation: primary (chain-breaking) antioxidants and secondary (preventive) antioxidants. Some antioxidants may exhibit more than one mechanism of antioxidation and are therefore called multiple-function antioxidants [5] .
Primary antioxidants
Primary antioxidants interrupt autoxidation by reacting with lipid radicals as electron donors and converting the free radicals into more stable species. Thus, no further reactions can occur and the chain reaction is broken. Phenolic antioxidants such as tocopherols (vitamin E), propylgallate (PG), butylated hydroxyanisole (BHA) , butylated hydroxytoluene (BHT) and tertiary butylhydroquinone (TBHQ) belong to this group [20-271.
Secondary antioxidants
Secondary antioxidants inhibit the autoxidation of lipids by delaying and retarding the rate of oxidation rather than by breaking the radical chain reaction. Secondary autoxidants may act by a variety of mechanisms such as binding metal ions, scavenging oxygen, decomposing hydroperoxides to non-radical species, absorbing UV radiation or deactivating singlet oxygen [5] .
Chelating (sequestering agents)
Compounds such as citric acid, amino acids, ethylenediaminetetra-acetic acid (EDTA) and certain phosphoric acid derivatives can chelate metallic ions, which catalyse lipid oxidation, and thus retard the oxidative decomposition of lipids. These compounds are called chelating agents [28-301. Chelating agents are often referred to as synergists, since most of them (except amino acids) exhibit little or no antioxidant activity when used alone. They can, however, greatly enhance the activities of other antioxidants such as phenolic antioxidants.
Oxygen scavengers
Oxygen scavengers are those compounds which can react with oxygen and thus remove oxygen from a system. Ascorbic acid (vitamin C), ascorbyl palmitate, sulphites, erythorbic acid and sodium erythorbate are the oxygen scavengers most commonly used as antioxidants [5, 30, 31] .
Singlet oxygen quenchers
It is known that the reaction rate of singlet oxygen with unsaturated fatty acids is over 1000 times greater than that of triplet oxygen [12] . Some compounds can convert singlet oxygen into more stable triplet oxygen and are therefore called singlet oxygen quenchers. For example, P-carotene can react with singlet oxygen according to the formula below [5,32-341: '0, + 'p-carotene 4 302 + 3P-carotene
Antioxidative enzymes
Some enzymes can catalyse the reaction of certain substances with oxygen and thus remove oxygen from a system or catalyse highly oxidative species to more stable species. For example, glucose oxidase catalyses the reaction between glucose and oxygen, yielding D-gluconic acid and hydrogen peroxide [30] . Superoxide dismutase (SOD) can catalyse superoxide radicals Oz*-produced from hydrogen peroxide to triplet oxygen according to the reaction: 20,'-+2H+ + H z 0 2 + 3 0 2 Catalase further catalyses the conversion of hydrogen peroxide into water and triplet oxygen [5, 35, 36] :
Cholesterol oxidation in vitro was strongly inhibited in the presence of SOD isolated from yeast [37] .
Radical scavengers
Different carotenoids were shown to suppress oxidation of methyl linoleate in the order astaxanthin > canthaxanthin > /3-carotene >zeaxanthin. The stability of the four carotenoids followed the same order, i.e. the more stable the more efficient as antioxidant (Fig. 1) [38] . 
Other secondary antioxidants

Antioxidant systems in raw materials and processed foods
An antioxidant system in raw materials and processed foods may include: (i) endogenous antioxidants which are their natural constituents; (ii) substances formed during food processing; and (iii) exogenous antioxidants from natural sources or from chemical syntheses.
Endogenous antioxidants
Numerous substances in plant and animal tissues, including vitamins, amino acids, peptides, proteins, nucleotides, pigments, etc., have been demonstrated to have antioxidant properties. They exist as endogenous antioxidants in raw materials and processed foods [4,14].
Antioxidants formed during food processing
Antioxidant substances are known to form during heat-processing of foods and microbial fermentation. Several examples are listed in Table 3 .
MRPs have the most attention, since the Maillard reaction occurs often in food storage and processing, especially in heat-processing of foods rich in proteins. The major reactants and factors which influence the reaction are listed in Table 4 . The substances with antioxidant activity in MRPs are mainly reductones, melaniodins and heterocyclic compounds such as pyrroles and pyridines [47-491.
MRPs from some combinations of amino acids and sugars, e.g. histidineglucose and arginine-xylose, have stronger antioxidant properties than other combinations. These MRPs were also shown to act as antioxidants in bakery and meat products [46]. It has been found that some volatile antioxidant substances are formed in heated foodstuffs such as cooked meats, roasted beans and nuts, and baked goods. Further studies identified those substances as 1 -alkylpyrroles and their 2-alkyl homologues [49, 50] . Soy and other vegetable protein hydrolysates include a number of low-molecular-mass phenolic compounds and thus show an antioxidant capacity [51] . Many antioxidants can be formed during microbial fermentation; for example, the fermentation of beer, sherry and tea produces certain antioxidants [49] . Tempeh (a fermented soybean product) contains isoflavones and genistein, which have been known to inhibit oxidation [52] .
The improved oxidative stability of cured meat products is a result of reduction of nitrite to yield the free radical nitric oxide, which is stored in several 'chemical reservoirs' in the product. The cured meat pigment nitrosylmyoglobin is such a free radical buffer, which may provide nitric oxide to terminate free radical processes during lipid oxidation [53] .
Some commercial antioxidant enzymes, such as glucose oxidase, catalase and SOD, are produced by microbial fermentation [30, 37] .
Exogenous antioxidants
Commercial antioxidants used in foods
The most common antioxidants used in foods and their customary applications are listed in Table 5 . The more important natural antioxidants used in foods are tocopherols and ascorbic acid (including its derivatives). Tocopherols include two families, tocols and tocotrienols. Each family includes a, p, r, and 6, four homologues depending on the number and position of methyl groups attached to a chromane ring [14].
Their antioxidant activity increases from a to 6 [HI. Tocopherols are mainly present in plant tissues. Cereals, oil-seeds and vegetables such as peas, beans and 
Commercially exploited natural antioxidants
Although many antioxidant substances have been found to occur naturally, only a limited number of them are actually put to commercial uses as exogenous antioxidants. However, these materials have received extensive study as potential sources of natural antioxidants. The more important natural antioxidants from plant and animal tissues are listed in Table 6 . Many plant extracts are also the potential sources of natural antioxidants ( Table 7) . Antioxidant spices have a special significance, because they are traditionally used in foods as added ingredients and, therefore, could be easily used directly for their antioxidant properties (Table 7) .
Rosemary was added to cooked meatballs which were packed under various atmospheric conditions (air, 5% 02/95% N2, 3% 0,/97"/0 N2, 1% 02/99% N2, 100% N2) and stored at 5 "C. Controls without rosemary addition were run parallel. Fig. 2 shows the amount of thiobarbituric acid-reactive substances (TBARS) in all samples, without rosemary along the x-axis and with rosemary 
Synergism of antioxidants
When antioxidants with different mechanisms are used together, they often are more active than if used alone. This synergistic effect is very significant for reducing the level of antioxidants added to foods, thereby reducing undesirable side-effects from antioxidants as well as manufacturing costs for foods [14] .
Pronounced synergistic effects occur between phenolic compounds and certain acidic substances (such as ascorbic acid, citric acid and phosphoric acid), phospholipids, amino acids and melanoidin [27, 43, 44, phenolic antioxidants, such as BHA, B H T and PG, exhibit excellent synergistic effects when used in combination [27, 59, 105] . Natural tocopherols and ascorbyl palmitate were shown t o synergistically depress lipid oxidation in stored turkey meatballs packed in 1% 0,. Separate addition of tocopherols or ascorbyl palmitate had both a similar and lower effect on TBARS development than the combination, as shown in Fig. 3 [106 
